Cluster Calculations of Hyperfine I nteractions in Superconducting
Copper Compounds

P. F. Meier, T. A. Claxto®) P. Hisser, S. Plibé&ek, and E. P. Stoll

Physik-Institut, University of drich, Winterthurerstr. 190, CH-8057i#ch
a Department of Chemistry, University of York, York, YO10 5DD, UK

Reprint requests to Prof. P. F. NI.; E-malil: pimeier@physik.unizh.ch

Z. Naturforsch55 a, 247-255 (2000); received August 26, 1999

Presented at the XVth International Symposium on Nuclear Quadrupole Interactions,
Leipzig, Germany, July 25 - 30, 1999.

This paper discusses first-principles cluster investigations on the electronic structure of
YBa;CwsO; and LaCuQ, performed at the University ofiZich. In particular, electric field
gradients have been calculated at the copper sites and their dependence on applying uniaxial strain
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given of the nuclear quadrupole resonance spectra in dopEdQa
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1. Introduction of the electronic structure necessary for supercon-
duction.

Nuclear quadrupole spectroscopy (NQR) is one The calculated quantities are ground-state prop-
of the most productive experimental proceduregrties of the solid and depend sensitively on how
which non-invasively monitors electron density modcharge is distributed within the lattice. Nuclear mag-
ifications in high-temperature superconductors withetic resonance (NMR) investigations of the Knight
changes in temperature. The method indirectly me&hift and the various nuclear relaxation rate tensors
sures the electric field gradient (EFG) at nuclei wit@s a function of temperature, doping, and orientation
spin ( > 1/2) and hence sensitively reflects the detailf the applied field with respect to the crystalline
of the total electron density distribution in the neighaxes, provide an additional insight into the static spin
bourhood of these nuclei. Electron density distribudensity distribution and the low frequency spin dy-
tions in solids can be calculated using first-principlesamics of the electrons in the normal as well as in
cluster calculations and an estimate of our confidentige superconducting state. Owing to the varied abun-
in their accuracy can be assessed by calculating tdances of nuclei with suitable nuclear magnetic and
EFG at chosen nuclei and then comparing them wiiladrupole moments, most of these quantities can
values derived from NQR spectra. Of course ondee studied on different sites in the unit cell. This
the wave functions have been determined the way aows one to distinguish static and dynamic fea-
open to the calculation of other physical propertiegures in the Cu@planes from those in the interlayer
This should provide a good method of showing whickegion.
properties are important in deciding superconduction. Despite the rich information of NQR and NMR
In this paper we concentrate on two of the simplesesults about the nature of the spin fluid and the low-
materials which exhibit high temperature supercorenergy quasiparticles, there exist only few theoretical
ductivity (HTS), YBaCuwO; and LgaCuQy. These first-principles approaches which address the deter-
materials have different structures and compositianination of electric-field gradients and magnetic hy-
and should help to elucidate the important featurggerfine interactions. Therefore, we have recently car-
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ried out cluster calculations on both the YA8asO; Table 1. Theoretical and experimental electric field gra-

and the LaCuQ, system. dients (in a.u.) and asymmetry parameters at Cu(2) for
The general idea of the cluster approach to eledBaCWOr
tronic structure calculations of properties which dewethod Via Vib Vi n

pend upon predominantly local electron densities is

that the parameters that characterize a small clus IEVEIZ] —228 004

. [3] 0.31 0.27 -058  0.07
should be transferable to the solid and largely der 1.16 0.97 _213 009
termine its properties. The essential contributions for-ccA 0.84 0.82 -166  0.01

EFGs and to magnetic hyperfine fields are given bxperiment [13] 0.64&0.002 0.628-0.002—1.271:+0.002 0.01
rather localized interactions and therefore it is ex-
pected that these local properties can be determineahsists of 74 atoms: 12 Cu, 42 O, 8 Ba, and 12
and understood with clusters calculations. Approxi¥. There are 10 planar Cu and 32 planar O sites as
mations must be made concerning the treatment wkll as 2 chain Cu and 10 chain O sites. The atomic
the background that is employed to embed the clupesitions were located according to the orthorhom-
ter. Using as large a cluster as is possible is of courbi structure with symmetry P4/mmm and unit cell
advantageous. It is necessary, however, that the marameters = 3.827,0 = 3.882, andc = 11682A.
sults obtained should be checked with respect to théir addition, Madelung potentials were included to
dependence on the cluster size. provide a suitable crystal environment. For the two
In this paper, we summarize some of the relevagentral Cu(2) atoms an all-electron basis set originat-
results and report on new findings about the variationg from Wachters [7] was chosen. For all other Cu
of the EFG at the planar Cu site in YB2LsO; un- atoms as well as for the Y and Ba atoms the pseu-
der application of hydrostatic and uniaxial pressurelopotential of Hay and Wadt [8] with a double zeta
Spin-polarized calculations allow us to determine thieasis set was used. The basis for the oxygens was
on-site and transferred hyperfine fields inCaO, also of double zeta quality [9]. In this way a total
and to compare them with those obtained for theumber of 556 electrons was accounted for explicitly,
YBa,CusO; system. Furthermore, the influence ofvhereas pseudopotentials were used for the remain-
doping LaCuQ, has been investigated by replacindng electrons.
a lanthanum atom by a strontium atom as well as by The HF and DF calculations were performed with

adding an excess oxygen atom. the Gaussian94 program. The Vosko-Wilk-Nussair
functional (VWN) [10] was used as LDA. For the
2. Cluster Calculationson YBa,Cuz07 generalized gradient corrections (GGA) the formula

proposed by Becke [11] together with the func-

For the YBaCuO; system, EFGs at the vari-tional of Lee, Yang, and Parr [12] was incorporated
ous nuclear sites have been obtained by Das a[BLYP). All these calculations were non-spin polar-
coworkers [1, 2] withab initio cluster calculations ized since an appropriate spin-polarized investigation
using the unrestricted Hartree-Fock (UHF) methogvould be extremely complicated. Even in supercon-
and by Schwarz and coworkers [3, 4] who emducting YBaCu;O; antiferromagnetic fluctuations
ployed the full-potential linear augmented-planeare present. However, they occur very fast on the time
wave (FLAPW) method within the local density apscale of NMR measurements and do not influence
proximation (LDA). Results of Hartree-Fock (HF)static properties.
calculations have also been published by Winter et In Table 1 our results for the EFGs of Cu(2) are
al. [5]. The EFGs calculated with these three differsummarized and compared with other calculations.
ent methods more or less agree and reproduce her comparison, the experimental values [13, 14]
experimental data quite satisfactorily apart from onfr the quadrupole frequencies were transformed into
exception, the EFG at the planar Cu(2) sites. EFG values assuming a nuclear quadrupole moment

Using large clusters we recently performed [6] cak)(®3Cu) =—0.211 b [15].
culations with both the HF and the density functional As mentioned previously neither the UHF or
(DF) method. The largest cluster that we used fdfLAPW calculations compare well with experiment
the determination of EFGs at the Cu(2) site is showaind this also applies to our HF calculations. Much
in Figure 1. It has point group symmetry,Pand better agreement has been obtained with the DF
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Fig. 2. EFG components V.. a the Cu(2) site in the
Cu;2042BagY 12 cluster versus uniaxial pressure along the

Fig. 1. The CwOa42BagY 12 cluster with 12 Y atoms in thet o (solid), b (dotted), and ¢ (dashed-dotted). The inset

middle plane. Cu (small) and O (large) atoms are connec

with lines. The remaining dark balls denote the Ba atom S Ve VS hydrostatic pressure together with experi-

ental data [18].

calculations (using the BLYP functional which in-trendsareperhapse\/en moreimportant than absolute
cludes GGA). Note that if we had used the nuyguyes,
clear quadrupole moment a@p(®3Cu) = —0.18 b, Intriguing results were obtained from measure-
as has been suggested by Stein et al. [16], our Diments[19] of the change of the superconducting tran-
GGA results would have been even closer to the exitiontemperature T.. upon applying uniaxial pressure
perimental data. The large differences between th¢hich gave dT./dp, = —2.0 K/GPa for strain along
EFG values determined with HF and DF methodthe a-axis, but dT./dp, = +2.0 K/GPaand dT./dp. =
is also observed in cluster calculations onCaQ,  +0.2 K/GPafor the b- and c-axis, respectively. Thisis
(see below). very surprising since many theoretical modelsof HTS
In the search for an understanding of the pairingmphasize interlayer coupling from which it would
mechanism in higlT, superconductors, experimentse expected that strain along the c-axis influences T,
have been carried out on the pressure dependemaest strongly. So far there are no experimental results
of various physical quantities. These experiments aggailable onthe change of | attice parameters upon uni-
very important since they produce controlled variaaxial strain. Theoretical information is availablefrom
tions on the lattice parameters enabling a more dB¥ calculationsthat Pickett performed [20] withinthe
tailed study of the specific interactions involved.  FLAPW method. The equilibrium atomic positions
The variation of the crystal lattice parameters ofvere then obtained by minimizing thetotal energy. It
YBay,CuzO7 with change of hydrostatic pressure hasvas found that internal strain dominates the changes
been measured [17] by neutron diffraction with greah the electronic structure. Charge transfer between
accuracy. Our work has now been extended to iithe chains and the layers was found to be neglible in
vestigate the influence of pressure on the electrontomparison to the charge rearrangements within the
structure. The calculations are a logical extension ¢dyers themselves which have a strong dipolar char-
those already published. The positions of the nuclei #xter and are directed oppositely for the a- and b-axis
the cluster and in the embedding lattice are modifiestrain.
to take account of the lattice parameters at a particularWe have used these theoretically obtained lattice
pressure and the EFGs are recalculated. The resydésameters for uniaxia pressure up to 5 GPa to ob-
obtained with DF and BLYP are displayed in the insetigin the wave functions of the occupied cluster or-
in Fig. 2 and clearly show that the changes calculatditals and the EFG in all cases. Unfortunately there
correspond closely with those that have been obsenisdho NQR data available for this system while uni-
experimentally [18]. This is crucial in adding to ouraxial pressure isapplied so it is hoped that the results
confidence in the first-principles calculations sincehownin Fig. 2 will stimulate the experimental NQR
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Fig. 3. Relative energies of the four highest occupied MOs
as calculated with the DF method for the Cu204BagY 12

cluster with lattice sites corresponding to zero pressure and
uniaxial pressure of 5 GPaalong the three axes.

work to be undertaken. However an analysis of the
wave function on the copper atoms in the plane has
enabled a correlation to be made with the changes
inT..

In Fig. 3 we compare the relative energies of the
occupied molecular orbitals (MO) as calculated for
coordinates corresponding to zero pressure (pg) and
uniaxial pressures of 5 GPa aong the three axes (p,,
s, and p,). In each case, the highest occupied molec-
ular orbital (HOMO) consists of antibonding com-
binations between the d,._,. atomic orbital (AO) of
the Cu(2) atom and the p,, and p,, orbitals of the four
neighbouring planar oxygen atoms. The symmetry of
this HOMO is By, and its energy is called Ey and
set to zero. The second highest occupied orbital, with
energy —0.17 eV for po, has symmetry Ag. In the
former, the orbitals in the two copper planes are an-
tibonding, in the latter, they are bonding. We denote
them a,> and b,.. The third and fourth MO are an-
tibonding combinations between the 3d.. of Cu and
the 2p. of the apex oxygens and antibonding (a.2)
and bonding (b,2) between the planes. From an in-
spection of Fig. 3 it is seen that uniaxial strain aong
different axes has a drastic effect on the energy dif-
ferences between these four MO. The separation be-
tween b,. and a2, in particular, whichis 220 meV for
Zero pressure, is strongly increased to 284 meV for
Da, Slightly reduced to 203 meV for p,., but markedly
reduced to 172 meV for p,. This correlates with an
increased (decreased) hole character of the Cu 3d.-
AOs for pressure along the b (a) axis. These changes
in the calculated el ectronic structure are under further
study. Similar effects have been observed by investi-
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Fig. 4.V}, at central copper sitesplotted against nn,, the num-
ber of copper atoms in the clusters Cu,O,, modelling the
LaCuO, system. HF results: v = V_..(Cu), x: [21], : [23].
DF results: @ = V_.(Cu), o = V..(0O(a)), m = V,,(O(p)).

gating the effects of doping in the La compound and
will be discussed below.

3. Cluster Calculationson La,CuQy4

For the La,CuQ, system, UHF cluster calculations
have been reported by Sulaiman et al. [21] who ob-
tained EFG values at various nuclei as well as the
contact and dipolar hyperfinefieldsat Cu. Martin and
Hay [22] presented HF results of the electronic struc-
ture of CuOg clusters in neutral, electron- and hole-
doped states and studied the influence of correlation
effects using the technique of configuration interac-
tions. Martin [23] caculated HF values for EFGs
in CuOg and Cu,01; clusters and investigated the
change in the NQR spectra upon doping. A com-
parison [24] of results obtained with HF and LDA
calculations for a CuQOg cluster again showed large
differences in the EFG values and the hyperfine cou-
pling parameters.

Recently, we have performed [25, 26] exten-
sive cluster studies for the LgCuQO, system. Spin-
polarized calculations at the HF level and with the
DF method with gradient corrections to the corre-
lation functionals have been carried out for clusters
Cu, O,,, comprisingn =1, 2, 4, 5, and 9 copper atoms
inaplane. Asinour investigationson Y Ba,Cuz O, we
used the BLY P functionals to account for exchange
and correlation effects. The atomic positionswere lo-
cated according to the tetragonal phase. The clusters
were embedded in a lattice of more than 2000 point
charges. Some positions of them were adjusted to get
the correct Madelung potential in the central region
of the cluster. Bare pseudopotentials instead of point
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Fig. 5. Highest occupied molecular orbital for the CuO2o
cluster modelling the LaCuO, system.

charges were used for the positive Cu- and La ions
closest to the cluster border. For the cluster atoms, a
6-311G basis set was used. The resulting electronic
structures, the charge and spin distributions, EFGsand
magnetic hyperfine interactions have been analyzed.
InFig. 4 wedisplay the resultsfor the EFG compo-
nents Vj,;, at various nuclear sites as afunction of the
cluster size. Consider first the upper two sets of data
that refer to the HF (triangles-down) and DF (circles)
results for V. at the copper. While the convergences
with increasing number of cluster copper atoms are
reasonably well, large differences are to be noted be-
tween the values obtained with HF and DF calcula-
tions. Our HF results for small clusters (n = 1 and 2)
are in broad agreement with those obtained by Su-
laiman et al. [21] (cross) and Martin [23] (stars). The
experimental value[28] for the quadrupole frequency
is %8vg = 33.0 MHz as measured at a temperature of
600 K in the high temperature tetragonal phase. This
corresponds to an EFG component V. = 1.33 a. u.
assuming a quadrupole moment Q(%3Cu) = —0.211b
asproposedin[15] but V.. = 1.56 a. u. for Q(®*Cu) =
—0.18 b as calculated in [16]. Next we discuss the
lower two sets of datathat refer to the DF results for
V.. at the apical oxygen, O(a) (triangles-up), and for
V.. & the planar oxygen site O(p) (squares). At the
0O(p), the measured [27] quadrupole frequency is
0.69 MHz with an asymmetry parameter of » = 0.36.
Our resultsfor the largest cluster which contains nine
copper atoms render /g = 0.46 MHz and = 0.25.
The experimental value for 1’O(a) correspondsto V.
=0.22 a. u.. The agreement between these experimen-
tal valuesand our DF resultsisreasonable considering
that our clusters were constructed to mainly investi-
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Fig. 6. agip(Cu) inatomic unitsplotted against ., the number
of copper atomsin clusters Cu, O,,, modelling the LasCuQO,
system. Symbols + (x) refer to DF (HF) results.

gate the copper EFG.

All our resultswere obtained for the spin stateswith
highest multiplicity. In Fig. 5 we show the highest
occupied molecular orbital for the cluster CusOy.

As concerns the magnetic hyperfine interactions,
theanalysisof many NQR and NMR experimentsthat
were carried out immediately after the discovery of
HTSwas puzzling. Milaand Rice [29] proposed then
that besides the usual on-site hyperfine interactions
at a Cu nucleus an additional hyperfine field should
be considered which is transferred from neighboring
Cu ions. They gave a consistent explanation of the
unusual combination of anisotropies of the Cu Knight
shifts and relaxation rates in YBaCuzO; within a
one-component theory. An estimation of the strength
of the various hyperfine parameters with the use of a
guantum chemical model led to good agreement with
the values deduced from experiment.

Using the data from our series of clusters with
increasing number of copper atoms, we have investi-
gated the magnetic hyperfineinteractionsin La,CuQ,
in depth.

The total magnetic hyperfine interaction, A(X), at
anucleus X, arises from the interaction of the nuclear
spin of X with electron spins dispersed according to
the spin density distribution. It consists of two com-
ponents, a scalar contact term, D(X), and a tensor
dipolar term, agji(X), where k and I refer to crystal
axesa, b or ¢, that is,

AF(X) = D(X) + afn(X). @)

D(X) isproportional to the spin density at the nucleus
X and agj,(X) istheclassical dipole-dipoleinteraction
of nuclear spin X with the electron spin distribution.
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Fig. 7. Difference between spin-up and spin-down densi-
ties, D(Cuy) vs. Ny, the number of copper atoms that are
nearest neighborsto Cu,, as calculated for various clusters
containing n Cu atoms. For clusters representing LaCuOa,
thevaluesof nareo=1,0=3,v=4,A=5,0=9.DF (HF)
values correspond to the upper (lower) data set. For clusters
representing YB&CuzO; the values are represented by +
for DF and x for HF calculations. To aid visualty, the +
and x points are connected by lines.

In Fig. 6 the results for the dipolar hyperfine in-
teraction parameter ag,(Cu) are shown as a function
of the cluster size. In terms of the model for asingle
holeon the Cu?* ion, developed by Bleaney et al. [30],
this coupling is given by —4/7(r=3). Our DF (HF)
values then would correspond to an average (r—3) ~
6.0 (7.8) a u..

As concerns the core-polarization term D(Cu), it
turned out that the values strongly depend on the po-
sition of a particular copper atom in larger clusters.
Thisisillustrated in Fig. 7 where D(Cu,) is plotted
versus Ny, the number of copper atoms that are near-
est neighborsof Cuy. It isseen that D(Cuy,) increases
linearly with N, for both DF and HF methods and
can thus be separated into

D(Cu,) = a +bNy, 2
i.e, into an on-site core-polarization term a and a
transferred hyperfinefield b. From adetailed analysis
of all calculations (some of them also for lower spin-
multiplicities) we obtained the DF valuesa = —1.78
and b = 0.71. Thereisaso asmall transferred dipolar
hyperfinefield, bgi, = 0.07, which explains the slight
increase of the total agi,(Cu) (see Fig. 6) when NV,
becomes larger.

Recently wewereasoinapositionto carry out[31]
spin-polarized calculations for the YBaCuzOy7 sys
tem. To thisend, acluster was chosen by dropping the
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Fig. 8. Radial dependence of the difference between spin-up
and -down densities for a planar oxygen with one (IV = 1)
nearest copper atom (CuGs) and for an oxygen bridging
two (IV = 2) copper atoms (CwO11) in the 2s (dashed) and
1s (dotted) atomic orbital.

lower half of the cluster shownin Figure 1. To be pre-
cise, it contained five Cu atomsin the CuO, planeand
21 O atoms treated with an al-electron 6-311G ba-
sis set. In addition, some positive point charges close
to the cluster boundary (11 Cu, 12 Y, 4 Ba) were
represented by bare pseudopotentials. The resulting
dependencies of the core-polarization term D(Cuy)
on N, areaso showninFigure7. Thelinear increase
of D(Cu,) with N, isagain observed with an on-site
and transferred hyperfine parameter of « = —1.7 and
b = 0.5, respectively.

In retrospective, some of the early problemsin an-
alyzing NQR and NM R dataon cuprate superconduc-
tors can be traced back to the fact that the single-hole
model developed in [30] for anisolated Cu?* ionina
crystal field, cannot be applied to correlated Cu ions
in a CuO, plane. It works certainly for local quanti-
tieslike the dipolar coupling tensor which are mainly
determined by the HOMO and also do not depend
too sensitively on the method of treating the many-
electron system. Even HF calculations give results of
the correct order of magnitude. The core-polarization,
however, is not confined to the atom in question. As
Fig. 7 demonstrates, hyperfinefieldstransferred from
the neighboring copper ions have a drastic effect on
D(Cu). Itsvalueis negativefor anisolated copper ion
but is increased by contributions from neighboring
ions. At the HF level, there is a small hybridization
and the transfer is small. DF calculations, however,
render a stronger covalency and therefore the spin
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Fig. 9. Radia dependence of the difference between spin-
up and -down densities at a copper atom with none (IV = 0)
nearest copper atom and for one (/V = 1) nearest neighbor
copper inthe 4s(solid), 3s (dashed-dotted), 2s (dashed) and
1s (dotted) atomic orbital.

density is more delocalized which implies a larger
transfer. With contributions from four nearest neigh-
bor Cu ions, D(Cu) becomes positive as was first
recognized by Milaand Rice[29].

To investigate the mechanisms of spin transfer, we
will analyze in detail the DF results from the two
clusters containing one and two copper atoms and
point out the differences. Let us first consider the
(CuOg)*°~ ion embedded in the appropriate lattice
background. Due to overlap and covalent effects the
Cu?* ion shares its spin density with the ligand pla-
nar oxygenswhose spin directionis parallel to that of
the local Cu moment. The atomic spin density p(Cu)
is reduced from 1 to 0.667 in favor of a spin den-
sity transfer to the four planar oxygens (4 x p(O(p))
= 0.328). The transferred spin density is mainly on
the O 2p, orbital, but a small amount also goes to
the O 2s which is thus expected to be polarized par-
alel to the spin density on the Cu. Indeed, we get
D,4(0) =0.772. The 2s orbital in turn polarizes the
1s but with opposite sign (D15(0) = —.141). Thisis
shown in the | eft panel of Figure 8.

On the Cu, the difference of spin densities of the
4sorbitalsis also positive. Closeto the nucleus, how-
ever, it becomes negative with D4g(Cu) = —.650 (see
Figure 9). The 4s AO in turn polarizes the inner s
orbitals. The dternating signs of the 4s, 3s, and 2s
contributions can qualitatively be explained as a di-
rect consequence of Hund'srule.
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Fig. 10. Radia dependence of the total spin density differ-
ence at a copper atom without other Cu (dotted) and with
one nearest neighbour Cu (solid).
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Fig. 11. Radial dependence of the total spin density differ-
ence at an oxygen with one neighboring Cu (dotted) and
with two nearest neighbour Cu (solid).

We next consider the cluster Cu,0O,; consisting of
2 Cu atoms with parallel moments and with 1 bridg-
ing O (Op) and 6 planar O (O;) bonded to one of
the Cu only. The DF caculations yield the atomic
spin densities p(Cu) = 0.670, p(Oy) = 0.139, and
p(0O7) = 0.092. The changes in the s-like AOs can be
seen by comparing the right and left panelsin Figs. 8
and 9.

The radial dependences of the difference of the
total spin densities (which for convenience have been
multiplied by 87/3) are shown in Figs. 10 and 11.

4. Hole Doped La,CuQy4

LaCuO, becomes superconducting if a sufficient
number of holes is introduced into the CuO, planes
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either by alloying on the La site or by chang-
ing the oxygen content. Understanding the changes
in the local electronic structure, which are pro-
duced by these impurities, is therefore very desir-
able. As mentioned above, the NQR spectra [28]
for stoichiometric La,CuO,4 exhibit one narrow line
(linewidth 55 kHz) at about 33 MHz assigned to
83Cu. In La_,Sr,CuO,, an additional peak which
was called B-line is observed at a somewhat higher
frequency [32] whereas the main resonance line (A)
turns out to be much broader (=~ 1 MHz) than in the
undoped case. With increasing dopand concentration
x thefrequencies of both peaksincrease and theinten-
sity of the B-line grows. Also when excess oxygen is
added, the NQR spectra[33] show asimilar behavior
to those in Sr-doped materials. The frequency of the
satellite peak in La,CuQg.5 is, for comparable values
of x and §, so close to that of the B-line in Sr-doped
samplesthat both lineswere thought to haveidentical
physical origins, namely localized holes. Thesewould
then give rise to practically identical frequencies for
the B-lines in Sr- and O- doped LaCuQ,. To be re-
sponsable for the NQR spectra, these holes would be
required, however, to be localized for time scales of
microseconds. Additional support for this interpreta-
tion came from ab initio cluster calculations of the
EFG by Martin [23]. In his HF approach the EFG at
the copper site changes too little (1.5 %) when a Sr
atom replaced the La but too much (14 %) for excess
O to explain the NQR data. The calculated changein
the EFG at a Cu site next to a localized hole, how-
ever, was in good agreement with the experimentally
observed frequency difference (= 10 %) between the
A- and B-lines.

Encouraged by our results on the dependence of
the EFG on the cluster size discussed in the previous
section, we have investigated [34] the doping depen-
dence with our CuOg cluster surrounded with 4 Cu
and 10 Laatoms. Exchanging the pseudopotential for
the Laatom on top of the Cu by onefor Sr, asituation
is modelled where no additional holes are present in
the cluster region. The DF results for the copper EFG
turned out to be 10 % higher than in the undoped clus-
ter in close agreement with the experimental results
for the quadrupole frequencies.

Next we extended the CuOg cluster by adding anin-
terstitial oxygen O(i) at the site determined by neutron
diffraction. The relaxation of the four oxygen atoms
that are nearest neighboursto O(i) was accounted for
by minimizing the total energy. With these atomic
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Fig. 12. Differencein energiesbetween the highest occupied
MOswith predominantly 3d,. 2 and 3d, . character versus
the doping concentration = cal culated with the CuQ cluster.

positions, the Cu EFG in the cluster CuO; was deter-
mined to be 11 % larger than in the undoped system.
Thus, according to our DF calculations, the similar-
ity between the NQR spectra of La,_, Sr,CuO,4 and
La,CuOg4.5 is accidental, and there is no need to ad-
vocate localized holes for the interpretation.

We aso accounted [26, 34] for holes moving
rapidly across the plane by a simple model where
positive point charges with values z: /2 were put close
to the four planar oxygen sites. The EFG at the Cu
then linearly increased with x with a slope approx-
imately corresponding to the observed shift of the
A-line. Interestingly, along with this change of the
EFG upon increasing z, the difference in energy lev-
els between the highest occupied orbitals shrinks in
accordance with the results discussed above (Fig. 3)
for the dependence of the EFG in YBa&CuzO; for
uniaxial pressure along the b-axis. Thisis shown in
Fig. 12 where the difference in energies AE between
the two highest occupied MOs with spin up (which
have predominantly 3d,._,. and 3d.. character) is
plotted asafunction of the point charge strength x that
simulatesthe effect of doping. It is seen that agradual
changein AF takesplace. Beyond x ~ 0.2 the energy
of the 3d.- is higher than that of the 3d,._,2. Thisis
a quantitative confirmation of the estimatesin [35].

In addition, the structure of the highest occupied
MOs is aso changing when comparing the results
between the undoped and the Sr- doped CuOg cluster.
Again, the MO which predominantly consists of Cu
3d.2 and O(a) 2p. AOsrisesin energy when compared
to the MO with Cu 3d,2_,. and O(p) 2p, character.

This change of the ordering of the molecular or-
bital s upon doping is an important observation which
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deservesfurther study. It involvesaconversionfroma
strictly planar towards a more three-dimensional be-
haviour that occurs upon doping. A detailed study of
these effectsisin progress.

The importance of the apex oxygen is aso seen
in some experiments. Thus in recent polarization-
dependent near-edge x-ray absorption spectroscopic
measurementson 'Y 1_,Ca,Ba,CuzO7_, [36], theun-
occupied electronic structure of the CuO; planes has
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